The rhal gene from Arabidopsis encodes a small GTP binding protein belonging to the YpVRab family. Transgenic Arabidopsis plants containing the promoter region of the rhal gene fused to the P-glucuronidase (gus) reporter gene revealed gus expression limited mainly to the guard cells of stomata, the stipules, and the mot tip of young plants. In flowering plants, expression was found predominantly in the receptacle and in guard cells of the different flower organs. High GUS activity could also be seen in callus tissue and developing seeds. No detectable activity was present in other plant tissues; activity could not be induced by various treatments. GUS activity was visualized histochemically using both 5-bromo-4-chloro-3-indolyl P-D-glucuronide and a newly developed GUS substrate: Sudan Il-8-glucuronide. The latter precipitates as red crystals at the site of GUS activity. Results obtained by the gus analysis were confirmed by wholemount mRNA in situ hybridization. A hypothesis for the function of the Rhal protein is discussed.
INTRODUCTION
The GTP binding protein family is a constantly growing group of proteins that has been identified in a large number of species, such as yeast, fungi, insects, birds, and mammals (for a review, see Kaziro et al., 1991) . GTP binding proteins can be divided into several groups, including translation factors, tubulins, G-proteins, and small GTP binding proteins. Proteins belonging to the two latter groups are regulatory proteins; they have the ability to specifically bind and subsequently hydrolyze guanine nucleotides, thereby using the GTP/GDP cycle as a molecular switch in which the activelinactive state depends on the binding of GTP or GDP, respectively (Bourne et al., 1991) .
Based on structural and functional properties, the family of small GTP binding proteins is now generally divided into five subfamilies, namely Ras, Rho, YpffRab, Arf, and Ran (forfunction and nomenclature, see Kaziro et al., 1991 and Kahn et al., 1992, respectively) .
The YpVRab family, of-which the Arabidopsis Rhal protein is a member, has been shown in yeast and mammals to be involved in vesicle-mediated transport and secretion. Members of this family have been found to be associated with the endoplasmic reticulum (Rabl), the intermediate compartment Current address: Departamento de Quimica Organica, Escuela Nacional de Ciencias Biologicas IPN, 11340 Mexico D.F., Mexico.
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(RabP), the Golgi apparatus itself (RabG), the plasma membrane (Rab5), and early (Rab5 and Rab4) and late (Rab7) endosomes (for a review, see Pfeffer, 1992) .
Like most other small GTP binding proteins, Ypt/Rab proteins are linked to their target membrane through the C-terminal cysteine motif via a fatty acid, mainly a modified isoprenyl moiety (Peter et al., 1992; Schafer and Rine, 1992) .
In contrast to the extensive knowledge of GTP binding proteins in mammals and yeast and in spite of their important role in the regulation of basic cellular processes, little is known about their presence and function in plants (for a review, see Terryn et al., 1993) .
Severa1 GTP binding proteins have been identified in plant protein extracts based either on their ability to bind GTP or by using antibodies against whole mammalian GTP binding proteins or peptides corresponding to conserved domains of the GTP binding protein family. Furthermore, several cDNAs and/or genes encoding GTP binding proteins in plants have been cloned. For example, in Arabidopsis, seven different genes encoding small GTP binding proteins have been identified (Matsui et al., 1989; Anai et al., 1991; Anuntalabhochai et al., 1991; Regad et al., 1993) , indicating that in plants, GTP binding proteins are also part of a large multigene family. Severa1 genes encoding small GTP binding proteins were found in rice, Nicotiana plumbaginifolia, and maize (Sano and Youssefian, 1991; Dallmann et al., 1992; Palme et al., 1992; Terryn et al., 1992; Youssefian et al., 1993) . It is noteworthy that most of the cloned plant genes encode small GTP binding proteins highly homologous to the Ypt/Rab family, which in mammals and yeast are shown to be involved in intracellular transport and secretion (Pfeffer, 1992) .
In this study, we describe the cloning and expression analysis of a gene from Arabidopsis encoding a small GTP binding protein, designated Rhal. The rhal gene product shows 60% similarity with the mammalian Rab5 protein (Anuntalabhochai et al., 1991) , which has been shown to be involved in control of endocytosis (Bucci et al., 1992) . Promoter-8-glucuronidase (gus) analysis indicated that the rhal gene is expressed mainly in the guard cells of stomata of young leaves but is also found in the stipules and receptacle, callus tissue, root tips, and developing seeds.
RES U LTS Molecular Characterization of the Arabidopsis rhal

Gene
A genomic library of Arabidopsis was screened using the rhal cDNA as a probe (Anuntalabhochai et al., 1991) . One positive candidate was purified and characterized. Figure 1 shows the complete genomic nucleotide sequence of rhal, including the 5'and 3'noncoding regions. The coding sequence is identical to the sequence of the rhal cDNA. Comparison of the cDNA sequence and the genomic sequence revealed the presence of six introns, varying in length from 96 to 316 bp. The first intron of rhal is at the same position as the second intron of the Volvox YptW gene (Fabry et al., 1992) . The fourth intron of rhal is located 6 bp downstream relative to the position of the unique intron of the Arabidopsis ara gene (Matsui et al., 1989) .
Primer extension analysis was performed to define the start of transcription of rhal. A synthetic oligonucleotide complementary to the first 33 nucleotides of the coding sequence was 5' end labeled and hybridized to total RNA isolated from Arabidopsis callus material. Callus tissue contains high levels of steady state rhal mRNA (Anuntalabhochai et al., 1991) . After extension with reverse transcriptase, three DNA fragments of different sizes were observed (data not shown), indicating that alternative transcription initiation sites are present. Because the leader sequence is rather long in comparison to other known plant leader sequences (Joshi, 1987) , a new oligonucleotide was synthesized, located 98 bp further upstream (see Methods), which confirmed the results of the first primer extension.
The most upstream putative transcription start site is taken as position +1 in Figure 1 and is located 218 bp in front of the ATG start codon, followed by two other putative start sites located 175 and 169 bp upstream from the ATG. Putative TATA boxes are located 26,29, and 35 bp in front of each of the putative starts of transcription (Figure 1 ). Because the cDNA of rhal contained only a small part of the 5' noncoding region (Anuntalabhochai et al., 1991) , the presence of an intron in the leader sequence could not be ruled out. Therefore, the 5'end of the cDNA was cloned using a polymerase chain reaction (PCR)-based strategy. The primers from both primer extensions were used in two consecutive PCR reactions together with a T7 primer, annealing to the Z A P vector in which the cDNA library of Arabidopsis had been cloned (Methods). The longest PCR fragment was cloned and sequenced. The sequence ends 193 bp upstream from the ATG, and the 5' end is entirely colinear to the gene sequence, excluding the possibility of the presence of the intron. The promoter of the rhal gene does not contain any repeated sequences in a parallel, reverse, or symmetric orientation. Comparison of the promoter region with the promoters of other genes encoding small GTP binding proteins, such as ara (Matsui et al., 1989) and rgpl (Sano and Youssefian, 1991) , did not reveal any homology boxes.
Expression Analysis of an rhal Promoter-gus Fusion in Transgenic Arabidopsis and Tobacco Plants
To study the expression of the rhal gene at the cellular level, a chimeric construct was made by a transcriptional fusion of the promoter region of the rhal gene to the coding region of the gus gene (see Methods). This construct was used to transform Arabidopsis roots via Agrobacterium. Twelve independent transgenic plants were assayed histochemically for GUS activity. All transformants exhibited the same qualitative expression pattern, although the expression levels were variable. Seeds were harvested from three independent transformants with high levels of gus expression and used for detailed GUS analysis. Figure 2A shows the gus expression observed in the developing cotyledons and in the roots of germinating seeds. One to 2 days after germination, gus expression in the cotyledons decreased ( Figure 26 ) and was maintained in the hypocotyl and root tip. Most remarkable is the gus expression in the guard cells of the developing stomata of the cotyledons ( Figure 2C ). Expression in the guard cells could be detected in all young leaves ( Figures 2D and 2E ). gus expression was clearly specific for the guard cells and was not found in any of the neighboring cells. gus expression in guard cells decreased during leaf development. For example, 2-to 3-week-old plantlets, with four to six leaves, exhibited no expression in the older leaves, although the younger leaves still had gus expression in the guard cells ( Figure 2F ). However, guard cells of the cotyledons showed a constant pattern of expression over time. The expression in the guard cells displayed a kind of patchiness over the leaf surface, being more frequent and stronger at the leaf borders and base. lntense GUS staining could also be observed in the stipules of young plantlets (Figures 2G and 2H) .
Roots showed a highly variable expression pattern; although the root tip was always expressing gus ( Figure 21 ), a heterogeneous expression pattern ( Figure 2J ) was observed in the . -
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CTTAAATCTCCAAAATGGGTTTTCCATTGTTGGAATGCTGTAATATGAAA 2 3 4 4 . . elongation and differentiation zone of the root. The cells of the root cortex showed a cell-autonomous gus expression. This phenomenon could be observed even more clearly in transgenic tobacco plants that were transformed with the rhal promoter-gus construct (see below) ( Figure 3A) . In flowering plants, high gus expression was seen at the receptacle from the moment the flower bud began to open (stage 13 according to Smyth et al., 1990) (Figure 38 ). Later in flower development, only the placenta of young siliques (Figure 3C ) was stained. Guard cells of different flower organs, such as petals, pistil, and even anthers ( Figure 3D ), as well as stomata on the inflorescence stem ( Figure 3E ) and on young (cauline) leaves near the flowers showed gus expression. No gus expression was observed in guard cells of siliques.
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High gus expression could be observed in callus tissue derived from either root or leaf tissue ( Figure 3F ). Arabidopsis protoplasts that are actively dividing also show high GUS activity (data not shown).
To analyze whether the stomatal expression of rhal is specific for Arabidopsis, the promoter-gus construct was used to transform tobacco. Guard cells of tobacco are approximately twofold larger than those of Arabidopsis, facilitating further studies. The tobacco transformants showed gus expression in the stomata of young leaves in the same patchy way as in Arabidopsis. On the leaf, some gus-expressing round-shaped cells could be observed. These are the guard cell mother cells at a stage just before they divide into the guard cells ( Figure  3G ). This suggests that the rhal mRNA is already expressed early in stomatal development.
Effects of Various Treatments on rhal Promoter-gus Expression
Stomatal movement is influenced by various externa1 (e.g., humidity and light) and interna1 (e.g., abscisic acid [ABA] and Ca2+) factors (Mansfield et al., 1990) . Because the rhal promoter-gus construct is highly expressed in the stomata, we have analyzed the effect of some of these factors on the expression pattern of rhal. In all treatments, it was verified that the stomata had indeed responded as predicted by either opening or closing. Etiolated seedlings or plantlets incubated in the darkfor 2 days prior to the GUS assay did not show adifferent expression pattern in comparison to control plants grown in the light. Plants grown at either 75 or 90% air humidity for 1 week or plantlets submersed in water prior to GUS staining did not show differences in gus expression. Seedlings grown Coding regions were translated to amino acid sequences and numbered. Asterisks indicate the putative starts of transcription as determined by primer extension. The most upstream putative transcription start is taken at position +I; putative TATA boxes are underlined as well as the Xhol site used for the cloning of the promoter in the pGSV4 vector. lntrons are shaded. These sequence data have been submitted to EMBL as accession number 222958. in the presence of plant hormones, such as indole-3-acetic acid (IAA) or ABA, known to induce opening or closure of the stomata, respectively, did not show altered gus expression. Only the root tip of these seedlings showed higher expression with the IAA treatment, whereas staining decreased using ABA (data not shown). Some other treatments, such as incubation of the plantlets at either 4 or 37% for 5 hr prior to GUS staining had no effect on gus expression. The promoter was not induced by cutting the leaves 5 hr prior to GUS staining or by spraying of the plants with 5 mM of salicylic acid.
To test whether rhal was already expressed at an early stage in stomatal development, Arabidopsis seedlings were treated with caffeine. Caffeine interferes with the formation of the cell Arabidopsis seedlings were fixed in formaldehyde and hybridized with a digoxigenin-labeled rhaí RNA probe. The probe was detected with an anti-digoxigenin antibody linked to alkaline phosphatase. The chromogenic reaction was performed using nitro blue tetrazolium salt and 5-bromo4chloro-3-indolyl phosphate salt, resulting in a purple precipitate at the site of hybridization. rhal mRNA was detected in the stomata, although in general in a more limited number than with GUS ( Figure 3J) . A weak signal was observed in root tips (data not shown).
plate by preventing the fusion of the aligned vesicles (Paul and Goff, 1973; Hepler and Bonsignore, 1990) . Treatment of maize D~SCUSS~ON seedlings with5 mM of caffeine inhibitedcytokinesis of guard cell mother cells, producing aberrant stomata (Galatis and Apostolakos, 1991) . When Arabidopsis seedlings that had been transformed with the rhaí promoter-gus fusion were treated with caffeine, gus expression could be detected in the aberrant stomata produced on young leaves, indicating that the rhaí promoter was driving expression in these "arrested cells and, thus, did not need a normally developed stomata to be expressed ( Figure 3H ).
Use of an Alternative Substrate for Histochemical GUS Analysis
The conversion by P-glucuronidase of the commonly used GUS substrate 5-bromo-4-chloro-3-indolyl B-D-glucuronide (X-gluc) to dibromodichloro-indigo involves a two-step reaction. The X intermediate (5-bromo-4-chloro-indoxyl) of this reaction can diffuse from the site of GUS activity, sometimes resulting in an aberrant GUS staining. To solve this problem, an alternative histochemical GUS substrate (Sudan Il-P-glucuronide) has been chemically synthesized (M. Brito Arias, N. Terryn, M. Van Montagu, and G. Engler, manuscript in preparation). In aonestep reaction, GUS converts this substance into a red compound, which precipitates inside the cells. Young seedlings harboring the promoter region of rhal fused to the gus reporter gene were assayed for GUS activity using this alternative substrate. Highly localized red crystals were detected in the guard cells of the stomata after 2 to 3 hr of incubation (Figure 31 ). The utilization of this Sudan Il-P-glucuronide substrate provided a faster and, more importantly, highly localized red precipitate, which in addition produced much greater contrast in the green plant tissue.
Whole-Mount mRNA in Situ Hybridization of rhal
To confirm the results of the gus analysis, whole-mount mRNA in situ hybridization was performed to localize therhal mRNA.
In this study, we describe the isolation and characterization of an Arabidopsis gene, rhaí, encoding a small GTP binding protein, which is a member of the Ypt/Rab family. A construction containing the rhaí promoter region fused to the gus reporter gene revealed a specific expression pattern when introduced into Arabidopsis and tobacco. gus expression was high in guard cells of young leaves, stems, and flowers as well as in callus tissue, root tips, the receptacle, the stipules, and developing seeds. gus expression patterns could not be altered by some treatments such as darkness, low and high temperatures, altered humidity, wounding, and hormones (IAA and ABA).
To our knowledge, only one other gene, encoding a plant acidic chitinase, has been reported to be expressed in the guard cells without being expressed in the other cells of the epidermis (Samac and Shah, 1991) . However, the promoter is not guard cell specific and is also active in roots and vascular tissues. This plant defense gene has been suggested to be highly expressed in the guard cells because funga1 hyphae can penetrate the plant through the stomatal pore (Samac and Shah, 1991) . Fairley-Grenot and Assmann (1991) have demonstrated that a GTP binding protein of fava bean is involved in stomatal movement via the regulation of the K+ channel current. It is unlikely that Rhal is the Arabidopsis homolog of this specific GTP binding protein. Rhal is one of the small GTP binding proteins, whereas the protein involved in stomatal movement is likely to be a trimeric G-protein, based on the fact that known G-protein regulators, such as pertussis and cholera toxin, have been shown to affect the K+ uptake (Fairley-Grenot and Assmann, 1991). Furthermore, rhaí-driven gus expression is only observed in stomata of young leaves and is not restricted to the guard cells. However, the possibility that Rhal could be involved in the regulation of stomatal movement cannot be completely ruled out.
Based on sequence homology with mammalian small GTP binding proteins of the Ypt/Rab family, Rhal could have a role in vesicle-mediated transport (Anuntalabhochai et al., 1991) . Morphological studies of guard cells have revealed the presence of vesicles in developing as well as mature guard cells (for a review, see Sack, 1989) . Their number is decreasing in mature stomata, suggesting that they are probably involved in stomatal development rather than movement. AS such, rhal-driven gus expression, which was mainly in young stomata, seems to coincide with the presence of these vesicles.
Furthermore, gus-expressing guard cells were found more often at the leaf base and borders. These regions are known to be the youngest parts of the leaf (Poethig and Sussex, 1985) ; thus, gus expression patterns could reflect a nonhomogeneous maturation of the stomata over the leaf.
Some of the processes in which vesicles are involved are already well characterized in guard cells. For example, at the initial stage of guard cell differentiation, when the cell plate is formed, numerous vesicles with a coherent electron-dense content accumulate and fuse to progressively tom the cell plate (Galatis and Mitrakos, 1980; Galatis et al., 1983; Sack and Paolillo, 1983) . Stomata of gus transformants of Arabidopsis arrested at this stage by a caffeine treatment already showed gus expression, indicating that the rhal gene is already expressed in the guard cell mother cell. Furthermore, in tobacco, gus-expressing guard cell mother cells were observed, suggesting that rhal could indeed be involved in such an early process as cell plate formation.
This complex process definitely requires proteins acting as regulators of the vesicle transport involved. The control of vesicle transport is precisely the role of the YptlRab family in mammals (Pfeffer, 1992) . These YpURab proteins in turn will need some kind of regulation, for example, by phosphorylation. High GUS activity driven by the rhal promoter was also seen in actively dividing tissues, coinciding with the regions of high cell cycle-related 2 activity (Hemerly et al., 1993) . Possibly, the cell cycle-related 2 protein is capable of phosphorylating Rhal, as has been shown for certain YpURab proteins in mammals (Bailly et al., 1991) .
Other vesicle-mediated processes involve cell wall thickening. Guard cells have very rigid dorsal and ventral cell walls, consisting of severa1 components, such as lignin, callose, and pectin (Sack, 1989) . In the regions of thickening of the cell wall, coated vesicles are often observed and can fuse to the plasmalemma (Doohan and Palevitz, 1980; Galatis et al., 1983) . It is possible that local wall thickening is promoted by these vesicles (Galatis et al., 1983) . Rhal has a high similarity to Rab5, which is involved in endocytosis (Bucci et al., 1992) . Most likely endocytotic processes will also take place at this leve1 in the guard cell to recycle the membrane vesicles. Most of these vesicle-mediated processes will not be specific for guard cells and will also occur in other cells. This is confirmed by the fact that there is high rhal promoter activity in actively dividing cells.
Our current hypothesis is that Rhal may have a function in one of the many vesicle-mediated processes leading toward cell plate formation or cell wall thickening. Immunolocalizations with Rhal-specific antibodies are required to further unravel its function.
METHODS lsolation of the rhal Gene
Standard DNA procedures were conducted according to the method of Maniatis et al. (1982) . The plasmid vector pGem2 was used for subcloning of the rhal gene and promoter. An Arabidopsis C24 genomic library in h Charon 35 was used for the screening (a kind gift of G. Gheysen, Universiteit Gent, Gent, Belgium).
Primer extension analysis was performed as described by Ausubel et al. (1987) . The sequences of the two primers are (1) GGCGTT-GATGTTCTTGTTTCCAGAGCTAGCCAT and (2) GATGGATACACAC-GTTGACAATCGCAAGAC. Cloning of the 5'end of the cDNA was done using two consecutive polymerase chain reactions (PCRs). For the first PCR, 107 phages of a phage library (LZAP) containing an Arabidopsis cDNA bank (a kind gift of Bernard Lescure, CNRS-INRA. Toulouse, France) was used as a template with primer extension 1 and the T7 primer of LZAF? The anneaiing temperature was 50%. Two microliters of this PCR reaction was used in a second PCR reaction with primer extension 2 and the T7 primer. The annealing temperature was 62OC. The largest fragments were cloned and sequenced.
Plant Growth Conditions
Arabidopsis thaliana ecotype C24 was grown in vitro under a 16-hr lightl8-hr dark illumination at 22% in K1 medium (Murashige and Skoog salts supplemented with 10 glL sucrose; Murashige and Skoog, 1962) . For seed production, plants were transferred to soil and grown in the greenhouse. Seeds were harvested with the Aracon system (Beta, Gent, Belgium).
Construction of the Promoter-B-Glucuronidase Fusion
A genomic subclone containing 4 kb of the promoter and 1 kb of the 5' end of the gene up to the first Pstl site was available in pGem2. This subclone was digested with Sphl (site from pGem2) and Xhol, which is located 30 bp in front of the ATG of rhal (Figure 1 ). and the promoter was cloned in the multicloning site of a Sall-Sphl-linearized pGUSl vector (Peleman et al., 1989) . Because a Xbal site was located 2 kb in front of the ATG and also at the 3' end of the P-glucuronidase (gus) gene, the promoter-gusfusion was cloned as an Xbal fragment in the vector pGSV4 (HBrouart et al., 1993) at the cloning site. Restriction analysis shows that the orientation is such that the rhal promoter sequence is near the right border.
Agrobacterium-Mediated DNA Transfer and Plant Transformatlon
The vector pGSV4 containing therhal-gus chimeric construct was mobilized by the helper plasmid pRK2013 to Agrobacterium tumefaciens C58C1 that harbors the plasmid pGV2260 (Deblaere et al., 1985) . The chimeric construct was transferred to Arabidopsis using the root transformation protocol as described by Valvekens et al. (1988) . Transgenic plants were first grown in vitro on kanamycin-containing medium and later transferred to soil for optimal seed production.
Histochemical Localization of GUS
GUS analyses were done on S, plants (self-fertilization of the primary transformants) and were verified in the S2 and S3 generations. Plant tissues to be analyzed were submersed in staining solution containing 1 mg of 5-bromo-4-chloro-3-indolyl P-D-glucuronide (X-gluc) per mL of a 100" Tris, 50" NaCl buffer, pH 7, in the presence of 1 to 2 mM of ferricyanide and ferrocyanide. Samples were placed under vacuum for 2 min and then incubated at 37% for 8 to 14 hr. Green plant tissues were then incubated in ethanol to remove the chlorophyll. Preincubations with 90% acetone were occasionally done but gave the same results. Analysis using the Sudan 11-P-glucuronide were done in a water solution of 1 mM of the substrate at 37% but needed much shorter incubation times (2 to 3 hr). The chemical synthesis of the Sudan 11-P-glucuronide substrate will be published elsewhere (M. Brito-Arias, N. Terryn, M. Van Montagu, and G. Engler, manuscript in preparation).
Whole-Mount in Situ Hybridizations
Whole-mount in situ hybridizations were done as described by Ludevid et ai. (1992) , except that the detection time was increased up to 2 hr. As probe, the antisense RNA derived from the complete coding region of the cDNA was used. Sense RNA was used as a control. The digoxigenin-labeled riboprobes were synthesized according to the manufacturer's protocol (Boehringer Mannheim).
Condltions
Unless otherwise mentioned, 3-to 4-week-old seedlings were used when the different treatments were conducted. Standard conditions were 22OC, 70% humidity, and a 16-hr IightB-hr dark cycle with a light intensity of 80 bmol m-2 se&. Wounding was done by cutting in the leaves with ascalpel5 hr prior to the GUS staining. A heat shock was given at V C , whereas the cold shock was done at 4OC, both for 5 hr in the dark; these treatments were followed by GUS staining. Seedlings were submersed in water for 5 hr prior to the GUS reaction. Plantlets grown in a plant growth cabinet (model 1600; Weiss Umwelttechnik GmbH, Reiskirchen, Germany) for 1 week at either 70 or 95% humidity were also compared, as well as plants grown for 2 days in the dark or light under the same conditions. Hormone treatments were performed by submersing the roots of 3-week-old seedlings in a plant growth medium (Yoshida et al., 1976) containing either 100 pM of indole-3-acetic acid (IAA) or 30 PM of abscisic acid (ABA) for 36 hr, followed by GUS staining.
To test the effect of salicylic acid, 4-week-old plants were sprayed with a 5-mM solution of salicylic acid. After 6, 12, and 24 hr, the GUS assays were done.
For the caffeine treatment, seeds were germinated on paper tissue wetted with a 5-mM caffeine solution.
